A grain moisture detection system is proposed in this paper, which is designed based on capacitive sensor and single chip microcomputer. The working principle of concentric capacitive sensor is introduced and the hardware circuits of system are described in details. The system has an intelligent controller internal, it can collect data, display data and determine whether to alarm when the data overreach threshold. The system is tested in practice and the measuring errors are analyzed, experiment results showed that the system has high measuring accuracy and good controlling capacity; it can meet the needs of moisture measuring.
Introduction
Grain is the main food source in people's lives, and it plays an important role in national economic construction. Moisture is one of the important factors which affect the quality of grain. So, the detection of moisture is one of the inevitable steps in the grain production, transportation, storage, and so on [1] [2] [3] .
In recent years, with the development of detection technology, many moisture detection methods have been proposed. Generally, they can be divided into direct and indirect two categories. The direct method is detecting the absolute moisture content in grain through drying methods and chemical methods directly; it has high precision, but time-consuming, and not suitable for online and on-site testing [4] [5] . The indirect method is to measure the water of substance through detecting the water-related physical quantities such as material conductivity, dielectric constant, etc.. It is generally fast, easy to implement online testing. In an indirect measurement, because many factors affect the moisture content, so the design of the sensor should be given enough attention, so that the output signal can effectively reflect the water feature [6] [7] [8] . Capacitive method is one of an effective method of moisture testing. So, based on it, a moisture detecting system is designed by adopting intelligent control algorithm. It can collect data, display data and determine whether to alarm when the data overreach, and has the features such as low cost, small size, high precision.
The rest of this paper is organized as follows. Section 2 introduces the principle of capacitive sensor. Section 3 described the framework of hardware and unit circuits in details. After that, the flow chart of software is presented in section 5. In section 6, some experimental results are analyzed with some real examples. Finally, the last section gives some concluding remarks.
The principle of moisture measurement
Because the relative dielectric of dry grain is much smaller than that of water, so, the quantity of grain moisture directly affects the grain dielectric constant  . If taking grain as the polar dielectric of a capacitor, then, when the capacitor plate area A and distance d between the plates is constant, the relative dielectric constant  value of grain can obtain by measuring the changes in capacitance values. According to this, the moisture content of grain can access to be measured. The system used the concentric capacitor as the sensor, which consists of two  Corresponding author.
Email address: wwcwfu@126.com concentric cylindrical metal components. The specific shape of cross section is shown in Figure1. The inner core of cylinder is insulator, which formed the two electrodes of capacitive sensor with outer cylindrical. And the outer cylinder at the bottom of intramural left some space in order to ensure the flow of grain, and full in the cylinder [9] [10].
In Figure 1 , the height of two cylinders is L , the outer surface radius of the inner cylinder is 1 R , the inner surface radius of the outer cylinder is 2
, then, the effect of cylindrical edge ends can be negligible. Suppose the charges of the bipolar plate of capacitor are q  and q  , respectively, the charge distributed on the inside surface and outside surface of cylinder evenly. Then, the absolute value of electric charge per unit length on cylinder will be:
Because of the axis symmetry of the cylindrical electric field, so the strength of electric field with the distance s from cylinder axis will be:
Therefore, the potential difference between polarization plates is:
The capacitance of capacitive sensor can be obtained: When the grains are placed in, the relative dielectric constant will be r  , then
It can be seen from those, the change of sensor capacitance has the linear relationship with the relative dielectric constant of grain, and the relative dielectric constant changes with water contained in the grain. So, the moisture content of grain can be obtained accordingly.
Design of system
Based on the principle of capacitive sensor, the diagram of detection circuit can be described as follows. Capacitive sensor converts the changes of grain moisture to that of capacity, after the amplification by amplifier, the analog is converted to digital and send to the MCU system. It is shown in Fig.2 .
So, the hardware of system is designed based on microcontroller AT89S51 and capacitive sensor, and it is mainly composed of keyboard module, power supply module, display module, alarming module, watch dog module and time module, et al.. When the collected data is overpass the threshold, then, it enters the alarm interrupt with the LED glomming, and the buzzer will make different alarm times according to settings.
Hardware design

Controller
The controller uses AT89S51, Atmel's microprocessor which is a low-power, highperformance 8-bit CMOS microcontroller with embedded 4k Bytes ISP, and rewritable Flash program memory for about 1,000 times. The device uses high density and non-volatile memory technologies, and is compatible with standard MCS-51 instruction set and 80C51 pin structure. In addition, the AT89S51 is designed with static logic for operation down to zero frequency and supports two software selectable power saving modes. The powerful micro-computers could offer a cost effective solution for many embedded control applications.
Signal conditioning circuit
The capacity detection circuit uses differential pulse width modulation circuit, whose outputting pulse changes with the capacity quantity of capacitor. Fig.3 output characteristics. The differential pulse width modulation circuit adopts DC power supply, the stability of voltage is high, here is no steady frequency, waveform purity requirements and does not require phase sensitive detection and demodulation, etc..
Watch-dog module
System has a power-on reset circuit and a manual reset circuit to initialize the system power state when running from a status. Considering that the SCM will be interfered from the environment, the system microcontroller circuit added an external watchdog circuit. This watchdog circuit can reset SCM automatically following a system crash. In this system, we selected MAX813L as the key chip which is designed to supervise microprocessor activity and indicate when the system is not working properly. During normal operation, the microprocessor should repeatedly toggle the watchdog input before the selected watchdog timeout period elapses to indicate that the system is executing code properly. The circuit of watch dog is shown in Fig.4. 
LCD display module
The system has LCD display screen, after system power is on the welcome screen will be shown on LCD display, and two seconds later, the data comes. The type of LCD is LM3033B, with 128×64 dot matrix LCD, has a large screen, good picture effect, anti-interference ability, built-in Chinese font, easy and convenient to call, and it can save valuable software interrupt resources and I / O port resources. 
Software design
In order to facilitate debugging and improve reliability, the software is designed with modular method. The program of detection unit is compiled with C51, it was downloaded to the MCU after testing, and it can complete the tasks of data acquisition and controlling mainly. The software is composed of the subroutines such as initialization subroutine, interrupt serve subroutine, alarming subroutine, display program, and A/D conversion subroutine, et al. The main program is the core of software, ant its flow chart is shown in Figure 5 .
Its control course is: the system does initialization and interrupts setting firstly. Then, starting A/D conversion and reading out the conversion values. Finally, the data is judged whether to conduct alarming.
Experimental results analysis
Experimental results
In order to verify the feasibility of this plan and the accuracy of this measuring device, after the system debugging, experiment has been conducted. It used the wheat as a test object and obtained the reference values through drying method. Based on the grain moisture curve, the errors between the reference value and measurement value are obtained. The experimental results are shown in Figure 6 . 
Errors analysis
As can be seen from Figure 7 , the sensor has high precision and large measuring range, measurement errors is little and the amount of moisture content can range up from 11% to 19%, which can meet the needs of practice. After the analysis, the main reasons for errors are including:
(1) As the measurement process consumes a lot of time, so the ambient temperature will influence the grain moisture measurements to some extent.
(2) In the course of testing samples, the human operator also affect the test results to a certain extent. Human operator determines the accumulation of samples in the case of sensor, so, the porosity of the sample loading time may vary widely, which affect the measurement results directly.
(3) The moisture content of samples is uneven. The uneven moisture content makes the test results have large difference to the same sample. This type of error can be reduced by improve the experiment device, but can not be eliminated fully.
Conclusions
In this paper, a new grain moisture detection system is designed based on capacitive sensor. Comparing with the traditional methods, it can not only improve the detection accuracy of grain moisture, but also improve the grain automation degree in the drying process. In later studies, the depth analysis will be conducted on the factors which impact the measurement accuracy, and further enhance the robustness of the system to achieve more ideal results. 
